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ABSTRACT
Heritability of resistance to red rot, caused by Colletotrichum falcatum, was
studied using progeny from 40 crosses among 24 parental clones of sugarcane.
Significant differences in susceptibility were detected, although high levels of resistance
were rare in the breeding and selection populations of the Louisiana sugarcane cultivar
development program. Narrow-sense heritability estimates determined by mid-parentoffspring regression for four different disease traits ranged from 0.19 ± 0.04 to 0.31 ±
0.05. Potential genetic gain by selection for resistance, using a 10% selection intensity,
ranged from 14 to 37% of the mean. The rot index provided the highest heritability
estimate and the most potential genetic gain from selection.

Low broad-sense

heritabilities were estimated among years for the disease traits in the parent population.
These results indicated that the population level of red rot resistance can be increased by
careful choice of parent clones and cross-based selection. Genotype by year interaction,
however, greatly affected evaluation.
The effects of environmental stress on disease severity also were investigated.
Greenhouse and field studies demonstrated that red rot severity can be increased by the
occurrence of drought conditions during the intial growth processes of vegetatively
propagated sugarcane. The effects of oxygen deprivation or poor drainage and Pythium
root rot on development of red rot and spring shoot population of sugarcane were
evaluated under controlled and field conditions. Red rot severity was not increased by
previous oxygen deprivation. In field experiments, inoculation of stalks with C. falcatum
vii
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before planting resulted in the reduction of shoot populations the following spring. Poor
drainage resulted in additional reduction in shoot populations developing from inoculated
stalks. The detrimental effect of poor drainage on shoot population from inoculated stalks
was alleviated by application of the fungicide metalaxyl. Pythium root rot, caused by
Pythium arrhenomanes, reduced initial root system and growth of shoots in greenhouse
experiments.

The combination of P. arrhenomanes and C. falcatum inoculation

increased dead-bud percentage in one of two cultivars and red rot severity for both. The
results suggest that spring shoot population reductions associated with poor drainage are
affected by the combined effects of red rot and Pythium root rot.

vm
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CHAPTER I
LITERATURE REVIEW

1
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Sugarcane is a perennial grass in the family Graminae, tribe Andropogoneae,
genus Saccharum. Modem sugarcane cultivars are interspecific hybrids between S.
officinarum L., and S. spontaneum L., or S. robustum Brandes & Jesw. ex Grassl
(Blackburn, 1984). The sugarcane plant may be propagated from true seed or from
stalks with buds. In Louisiana, sugarcane is traditionally planted as whole stalks of cane
from late August through early October followed by harvest of the plant cane, and first
and second ratoon crops in subsequent years. Under favorable growth conditions, the
buds germinate to produce shoots. Nodal roots develop from primordia in the root band
region, and absorb water and nutrients to feed the young developing shoots. After 2-3
months, shoot roots take over the function of nodal roots (Julien et al., 1988).
Although modem sugarcane cultivars are more productive and possess increased
disease resistance, diseases have continued to adversely affect sugarcane production
(Abbott et al., 1961; Agnihotri, 1990). Red rot, caused by Colletotrichum falcatum
Went, is one of the most important diseases (Abbott, 1938; Agnihotri, 1990; Bourne,
1953; Hughes, 1953; Thaung, 1970; Wang, 1950; Wisner and Koike, 1965). Red rot
was first described in Java in 1893.

It is now distributed in most cane growing

countries. It causes severe losses in yield and quality (Edgerton and Moreland, 1920;
Chona, 1980; Edgerton, 1955; Singh and Waraitch, 1981). Red rot was first identified
in Louisiana in 1909 (Edgerton, 1911). It was one of the causes of failure of the
Louisiana purple and D-74 cultivars in the 1920s (Abbott, 1938). In Louisiana, red rot
is essentially a disease of planted cane. Severe losses due to red rot result from rotting
2
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of planted stalks and the reduction of stands. The disease also causes indirect losses
because high planting rates are used to insure against stand failure.
Colletotrichum falcatum Went is the imperfect stage of the red rot fungus. The
perfect stage of the fungus is Glomerella tucumanensis (Speg.) Arx and Mueller.
Colletotrichum falcatum can be isolated from infected tissues and grown on a wide
variety of culture media (Ahmed and Divinagracia, 1974). Oatmeal agar is widely used.
Knowledge of pathogenic variability is essential for testing resistance of cultivars to the
disease.

Pathogenic variability in this fungus was first observed by Edgerton and

Moreland (1920). Considerable variation in the morphology and pathogenicity of the red
rot fungus of sugarcane was reported by Abbott (1938) and Chona (1950, 1960) and
other workers (Bajay etal., 1964; Beniwal etal., 1989; Carvalho, 1968; Chona, 1950;
Chona et al. 1960; Khirbat et al., 1980; Satyavir et al., 1984; Singh and Lai, 1987;
Srinivasan, 1962; Virk et al., 1986). Isolates have been broadly classified into two
major cultural groups: light-colored, highly sporulating, virulent types and dark-colored,
sparely sporulating, weakly pathogenic types. Abbott believed that variability of the
fungus caused some instability in sugarcane cultivars resistance to the disease. However,
in most studies, emphasis was given to cultural and morphological variability rather than
pathogenic variability based on differential reaction on a common set of differential
cultivars. In India, efforts were made to identify specific pathogenic types based on
reactions of different cultivars.

Five major pathogenic types were identified by

3
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Alexander et al. (1979). The pathogenic types could be distinguished by resistant
reactions on different cultivars.
The red rot fungus may infect any part of the sugarcane plant. Sources of
infection may include midrib lesions, diseased stalks, crop debris, infested soil and
possible alternative host plants. Infections of the leaf midrib and latent infections around
nodes by C. falcatum provide sources of inoculum for stalk infection (Agnihotri et al.,
1974; Chona, 1950; Hughes, 1953; Sandhu et al., 1974; Sanchez-Nanarretz et al., 1965;
Singh, 1968; Steib and Chilton, 1951; Wang, 1950). After the fungus invades the
tissues of the stalk, the mycelium may spread from cell to cell. More rapid spread can
occur through the vascular bundles. Several intemodes of stalks may be rotted, and the
tissue exhibits a red color that often contains interspersed areas with normal color,
known as "white spots" (Abbott, 1938; Singh, and Singh, 1988). Any sort of wounding
causes a reddening of the stalk tissues next to the wound, but when red rot is present, the
characteristic discoloration usually extends considerably beyond the point of origin
(Abbott et al., 1961). There were some conflicting reports regarding the role of infected
stalks in the spread of red rot in nature. Edegerton (1911) and Singh (1968) believed
that no direct mycelium connection existed between the young shoot and seed-cane in
Louisiana. However, Chona (1950) and Agnihotri et al. (1979) confirmed that the
mycelium of C. falcatum can pass from infected stalk to emerging shoot. These different
results may be due to the various cultivars or fungus isolates used (Agnihotri, 1990).

4
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Screening sugarcane clones for resistance to red rot is done with freshly
sporulating 7 to 10-day-old cultures of C. falcatum. Inocula mixed with multiple isolates
consisting of high conidial concentration (2 x 104 spores/ml) are commonly used.
Several inoculation methods have been developed (Abbott et al., 1967; Chona, 1954;
Kar et al., 1974; Parradarao et al., 1978; Singh and Gupta et al., 1978; Srinivasan,
1965; Virk, 1985). These include (i) intemodal inoculation, (ii) nodal inoculation, and
(iii) foliage inoculation. Tests of red rot resistance are made with cut, mature stalks
which are used for planting in Louisiana and other areas where red rot is essentially a
disease of planted stalks. A hole is bored into the center intemode of a mature stalk.
After introducing the spore suspension, inoculated stalks are incubated 3 weeks at 2021°C (Abbott et al., 1967). In India, red rot is essentially a disease of standing cane.
Standing canes are inoculated by the plug method. A hole is drilled into the second or
third intemode above ground level. Drops of spore suspension of the pathogen are added
with a syringe, and the hole is sealed. The nodal inoculation method was initially
developed by Chona (1950), and he tested nodal resistance of sugarcane clones by
placing 1 ml of a spore suspension into the space between the leaf sheath and stalk
during the rainy season. A foliage inoculation technique was developed by Srinivasan
(1965) for screening young seedlings. In this technique, 6-week-old seedlings are
inoculated by spraying a suspension of spores onto the foliage. The assessment of
resistance is based on the extent of development of disease symptoms on the foliage of
plants. This method was modified by Singn et al. (1978) to use 5 to 6-month-old plants.

5
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The intemodal inoculation is a simple method for red rot resistance screening.
This method can give an indication of the physiological resistance of a cultivar. It may
not agree with natural infection, because morphological barriers provided by the rind are
broken. However, under field conditions, wounds can be created by knives, machinery,
and insects.
For intemodal inoculation, the resistance rating is based on the degree of rotting
and spread across nodes (Abbott, 1938). The standard for classification of red rot
resistance and susceptibility was reported by Abbott, Zummo, and Tippett (1967). In
standing cane, the average length of lesion and average linear spread of red rot were used
by earlier workers for grading resistance (Chona, 1954). However, Srinivasan and Bhat
(1961) found that the linear spread of red rot in some cultivars was a highly variable
trait. They suggested the use of lesion width, nodal transgression, occurrence and nature
of white spots and drying of tops as main criteria for resistance assessment. This rating
method is now commonly used in India.
The use of resistant cultivars is the most effective and practical method for
disease control. For the development of red rot resistant cultivars, knowledge of nature,
sources, and inheritance of resistance are essential (Beniwal et al., 1990; Satyavir et al.,
1994; Virk et al., 1985). However, the factors that contribute to disease resistance are
not well understood.

Two kinds of resistance are commonly recognized: (i)

morphological resistance which prevents and or retards the infection and development
of the pathogen in the host and (ii) biochemical or physiological resistance in which the

6
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living cells of the plant suppress or prevent pathogen development. Morphological
resistance may be related to the thickness of epidermis, cuticle, bud scales, and ring; the
relative abundance of vascular bundles under the rind; and the presence of septa in
vascular bundles that prevent the rapid migration of spores (Edgerton, 19S9).
The factors that contribute to red rot physiological resistance are not well
understood, although the presence or accumulation of phenolic compounds is thought to
play a role in resistance to infection by C. falcatum. Sugarcane responds to infection
with C. falcatum by producing a red pigment. Fractionation of the pigment showed
several components, some of which are phenols (Brinker et al., 1991). Rao et al. (1968)
reported that phenolic concentration in sugarcane correlated with resistance to C.
falcatum, while Singh et al. (1976) and Godshell (1987) found no correlation. Brinker
et al. (1993) quantified the stilbene phytoalexin, piceatannol, in sugarcane stalks extracts
prepared at various times after inoculation with C. falcatum spores. They found that
piceatannol may not be important in disease resistance in sugarcane or the compound
may vary in importance in different cultivars. Madan et al. (1991) reported that higher
specific activity of phenylalanine ammonia lyase (PAL) and tyrosine ammonia lyase
(TAL) was correlated with red rot resistance. Higher activity of PAL and TAL was
invariably associated with high resistance, while low enzyme activity was associated with
susceptible varieties.
It is necessary to evaluate all types of resistance when judging the resistance of
a cultivar. Some cultivars whose tissues have little resistance may not be seriously

7
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damaged by the disease because of the checking of longitudinal spread through the nodes
(Abbott, 1938).
Sugarcane hybrids typically are polyploid, and chromosome numbers vary due
to aneuploidy. Information on inheritance of resistance to red rot is limited. Chona
(1980) reported that studies on inheritance of red rot resistance in sugarcane showed it
to be indiscriminate, with crosses between susceptible clones giving some resistant
progeny. Azab and Chilton (1960) reported that the degree of resistance in parents
makes little difference in the percentage of resistant seedlings. However, Abbott (1938)
believed that, while red rot resistant plants may be obtained from the crosses of
susceptible parents, there is some relationship between the frequency of resistance in the
progeny to the parents. Atchutharamarao et al. (1982) found that 57% of clones were
resistant when either the female or the male parent was resistant to the red rot fungus,
whereas only 20% of the progeny clones were resistant when both of the parents were
susceptible.
Red rot varies in severity from year to year depending on the climatic conditions
and the susceptibility of the cultivars being grown. Extensive observational evidence
suggests that the disease is more severe when plants are under stress. Many factors
affect the germination of sugarcane buds and the germination of the fungus conidia
(Ahmed et al., 1974; Edgerton, 1955; Olufolaji, 1988; Singh, 1985; Singh and Lai,
1987; Singh, 1973; Singh and Kanal, 1979; Vasudeva et al., 1961). Among the weather
factors affecting both spread and severity of red rot, temperature and rainfall are

8
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important. Temperature affects the growth of the plant and influences the activity of C.
falcatum and other organisms in the soil. Rainfall affects the moisture content of soil,
and soil moisture affects the host-pathogen relationship. The disease is favored by both
excessive and deficient soil moisture and by low temperature which affects germination
but has much less effect on the pathogen (Singh, and Singh 1988). However, the
relative importance of different types of stress on the predisposition of stalks to the
disease is poorly understood.
The severity of red rot also may be associated with injury by Pythium root rot.
If the rootlets arising from the stalk nodes are destroyed by root rot during germination,
the development of new shoots may be retarded (Rands and Dopp, 1938). If red rot has
invaded the planted stalks, the spread of the disease during the period of delayed
establishment of new plants may result in the death of young shoots. Thus, the degree
of injury from red rot could be influenced by the susceptibility of the cultivar to root rot
(Edgerton, 1955).
A final factor affecting red rot severity is stalk damage caused by the sugarcane
borer, Diatraea saccharalis (F.). Borer wounds assist the invasion of sugarcane by C.
falcatum and other stalk rot fungi (Ogunwola et al., 1991).
In summary, red rot is one of the most important diseases in Louisiana
responsible for the deterioration of seed-cane (Abbott and Hughes, 1961). The causal
fungus infects stalk tissues through the nodes and spreads through the vascular bundles.
Due to a high planting rate of whole stalks, in normal years, good stands are usually

9
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obtained, even with cultivars that are considered susceptible. However, if the moisture
conditions of soil or the temperature during the winter are unfavorable for the cane, red
rot can develop rapidly. If susceptible cultivars are being grown, poor stands and even
crop failures are possible. In the past, cultivars were screened for susceptibility to red
rot in stalk inoculation tests. This procedure was discontinued, in large part, because
experimental cultivars in the selection program were repeatedly exposed to red rot under
natural conditions. Any experimental cultivar highly susceptible to any of the stalk rots
will probably be eliminated from the program due to poor yield. It is assumed that, if
a cultivar yields well during the course of the selection program, it must have an
adequate level of resistance to red rot. However, actual levels of resistance to red rot
in cultivars and the breeding program parent population are largely unknown, as are the
actual losses of number of experimental cultivars due to red rot susceptibility.
Therefore, studies were conducted with the following objectives:
(i) to screen commercial cultivars, advanced experimental cultivars and breeding
program parents for resistance to red rot and determine the heritability of resistance;
(ii) to study effects of stalk desiccation on sugarcane red rot severity;
(iii) to investigate effects of oxygen deprivation and Pythium root rot on red rot severity.

10
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CHAPTER n
EVALUATION AND HERITABILITY OF RESISTANCE TO SUGARCANE RED
ROT*

* Reprinted with permission from Phytopathology
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INTRODUCTION
Red rot, caused by Colletotrichum falcatum Went, occurs in most regions where
sugarcane, interspecific-hybrids of Saccharum L., is grown. The disease can affect
stalks of growing plants and stalks or stalk sections used to propagate the crop (Abbott,
1938; Chona, 1950; Edgerton, 1955; Singh, and Singh, 1988). In Louisiana, red rot is
primarily a disease of planted cane, and serious losses of buds and subsequent stand
reductions are possible (Abbott, 1938; Abbott et al., 1967; Edergton, 1955). Whole
stalks are planted during August and September. Bud germination and shoot growth is
initiated during the fall, but unfavorable growth conditions during winter result in
increased opportunities for red rot development. Severe losses due to red rot do not
occur every year, but the disease also causes indirect losses to the sugarcane industry
because high planting rates are used to insure against stand failure.
Infection of the leaf midrib and latent infections around nodes provide sources of
inoculum for stalk infections (Agnihotri and Budhrajia, 1974; Chona, 1950). After the
fungus invades the tissues of the stalk, the mycelium may spread from cell to cell. More
rapid spread can occur through the vascular bundles. Infected intemode tissues develop
a rot with a characteristic red color that often contains interspersed areas with normal
color known as "white spots" (Abbott, 1938; Edgerton, 1911; Edgerton, 1955; Singh
and Singh, 1988). The use of resistant cultivars is the most effective method for disease
control (Chona, 1954; Singh, and Singh, 1988; Srinivansan, 1965).
In recent years, sugarcane clones in the Louisiana cultivar selection program
have not been screened for susceptibility to red rot in stalk inoculation tests. Plant
12
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breeders have assumed that highly susceptible genotypes will be eliminated during the
selection process due to poor yields, and that parental clones then possess some level of
resistance. However, the actual frequency and levels of red rot resistance in clones in
the breeding and selection populations are unknown.
The results of previous small-scale studies (Abbott, 1938; Atchutharamarao and
Sarma, 1982; Azab and Chilton, 1960; Chona, 1954) comparing the frequency of
resistant progeny in crosses between resistant or susceptible parents were contradictory.
Information about heritability of resistance to red rot and potential for genetic gain
through selection will help determine the most appropriate breeding strategies to develop
resistant cultivars. Therefore, the objectives of this study were (0 to evaluate the
existence and variability of red rot resistance in the current breeding and selection
populations; (ii) to estimate both narrow-sense and broad-sense heritabilities of resistance
to red rot; and (iii) to predict the potential genetic advance from selection for red rot
resistance.
MATERIALS AND METHODS
Studies were conducted during two, 6-week periods in 1992 and 1993. The
starting dates of tests were 25 Sep and 13 Nov, 1992, and 22 Oct and 15 Nov, 1993.
Ten unselected progeny from each of 40 crosses and their 24 randomly-chosen but
adapted sugarcane parental clones (Table 1) from the sugarcane breeding program of the
Louisiana Agricultural Experiment Station were evaluated for red rot resistance. Five
progeny from each cross were tested on one of the two dates within a year. Different
progeny clones from a cross were tested on the different dates. The same 10 progeny
13
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TABLE 1. Evaluation of red rot resistance in 24 parental clones of sugarcane in 1992 and 1993
Disease traits3
IRS
Parent

1992

199
...

NP
92-93

1992

RI

NR

1993 92-93

%

199

1993 92-93

1992

1993

92-93

/ouu.

_ n/\ __
__
11U. —
"

CP 62-258

17

9

13

1.6

1.2

1.4

1.2

0.7

0.9

31

n

20

CP 65-357

35

22

29

4.0

2.8

3.7

4.0

2.7

3.3

140

64

99

CP 70-321

32

26

29

3.6

3.0

3.3

3.2

2.8

3.0

115

81

97

CP 72-370

22

14

18

3.2

2.3

2.7

3.2

2.3

2.7

70

32

49

CP 74-383

22

21

21

2.8

3.5

2.2

2.6

3.5

3.1

67

72

70

CP 75-1082

19

12

16

4.2

3.0

3.0

4.0

2.0

2.9

84

23

51

CP 76-331

19

17

18

3.2

2.5

2.8

3.2

2.5

2.8

60

47

53

CP 77-310

30

23

27

4.0

2.3

3.1

3.8

2.0

2.8

134

64

96

CP 79-318

20

17

19

2.2

2.2

2.2

2.2

1.7

1.9

46

38

41

CP 80-313

28

48

38

3.0

4.3

3.9

3.0

4.3

3.8

83

227

179

CP 80-323

19

11

15

2.8

1.5

2.1

2.8

0.5

1.5

58

17

36

CP 83-644

14

23

19

1.8

2.7

2.3

1.6

1.7

1.6

25

66

42

LCP 81-10

27

13

19

3.2

2.0

2.5

3.2

1.7

2.4

91

23

56

LCP 81-30

31

16

23

3.6

1.8

2.6

3.4

1.7

2.5

113

32

69
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Table 1. Continued ..
LCP 82-89

26

19

21

2.8

2.0

2.4

2.6

2.0

2.3

70

37

52

LCP 85-341

18

32

26

2.6

3.0

2.8

2.2

2.7

2.4

53

110

84

LCP 85-345

26

25

25

2.8

2.5

2.6

2.6

2.5

2.5

89

65

72

LCP 85-376

11

19

15

1.4

2.2

1.8

0.6

2.2

1.4

17

55

38

LCP 85-384

31

22

27

3.6

2.3

2.9

2.8

2.0

2.4

117

59

85

LCP 86-393

37

18

28

3.4

1.8

2.5

3.4

1.8

2.5

135

33

79

LCP 86-408

33

18

26

3.0

2.3

2.6

3.0

2.3

2.6

104

41

70

LCP 86-420

52

16

33

5.0

1.8

3.3

4.8

1.8

3.2

273

31

141

LCP 87-17

43

18

30

4.0

2.2

3.0

3.0

2.2

2.5

176

39

101

LCP 97-494

26

12

19

2.8

2.0

2.4

2.8

1.8

2.3

76

24

48

LSD
(P=0.05)
13
15
18
1.2
1.8
1.5
1.4
98
72
104
1.7 1.6
* IRS = Internode rot severity: was the average percent discoloration in the inoculated internode and four internodes on
each side of the inoculation point. NP = nodes passed: the number of nodes passed by intemode rot symptoms in each
direction from inoculation point. NR = nodes rotted: the number of nodes in the assessed area with rot symptoms. RI =
rot index: IRS x NP.

from each cross were tested in both years, but individual identity was not maintained.
Mature stalks with at least 10 nodes and no stalk borer injury were cut, and the leaf
sheaths were stripped. The stalks then were surface-disinfected for 30 min in a solution
of approximate 0.26% NaOCl. Three stalks from each parent and its progeny were
inoculated for disease evaluation in all experiments.
Inoculum preparation. Fresh leaves with small, red C. falcatum lesions on the
midrib were collected from various sugarcane growing areas in Louisiana. Small pieces
of leaf tissue were cut from the margin of a lesion and soaked in 0.52% NaOCl solution
for 3 minutes. The surface-disinfected tissues were placed on Difco potato dextrose agar
(PDA) or acid-PDA plates and incubated at room temperature for 48 hours. A hyphal
tip within a small piece of agar was transferred to a PDA plate to obtain a pure culture
of C. falcatum. Several isolates from different sources were transferred to oatmeal agar
medium (40 g Quick Quaker oats, 20 g Difco bacto-agar, 1 liter water, and 100 ppm
streptomycin) and incubated at 27°C for 14 days. Inoculum was prepared by mixing six
isolates. Six milliliters of distilled water were added to each plate, the surface of the
agar colony was scraped, and the suspension was filtered through cheese-cloth. The
concentrations of conidia in the suspensions from the different isolates were determined
using a hemacytometer with a compound microscope. Conidial concentrations averaged
2.5xl06 spores/ml in 1992, and 2.7xl06 spores/ml in 1993.
Inoculation method. A 3.2-mm-diameter hole was drilled into, but not through,
the center intemode of each stalk and 100 pi of inoculum was introduced (Abbott, 1938;

16
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Abbott et al., 1967). The inoculated stalks were wrapped with a perforated sheet of
polyethylene with wet paper towels inside and incubated at 24 ± 3°C for 6 weeks.
Resistance assessment. After the incubation period, the inoculated stalks were
split longitudinally and different disease parameters were assessed, including: (0 the
number of nodes passed (NP) by intemode rot symptoms in each direction from the
inoculation point; (ii) the number of nodes rotted (NR); and (iii) intemode rot severity
(IRS) in the inoculated intemode and the four intemodes on each side of the inoculation
point.

Intemode rot severity was determined first by rating the portion of tissue

exhibiting red discoloration in each intemode on the following scale: 1 = 10% or less
(average = 5%); 2 = 11-25% (average = 18%); 3 = 26-50% (average=38%); 4 = 5175% (average=63%); 5 = 76-90% (average = 83%); and 6 = greater than 90%
(average = 96%).

Intemode rot severity was then converted to average percent

discolored area per intemode by calculating the sum of individual intemode discoloration
percentages and dividing by nine intemodes. An aggregate disease trait, rot index (RI),
that combined the traits describing the extent of intemode rotting and disease spread was
calculated as RI = NP x IRS. To confirm symptoms resulted from infection, C.
falcatum was reisolated. A resistant rating was assigned to a clone if NP was less than
two and IRS less than 18%; a susceptible rating was assigned if NP ranged from two to
three and IRS ranged from 18 to 38%, and a highly susceptible rating was assigned if
NP was greater than three and IRS greater than 38%.
Narrow-sense heritability estimation. The narrow-sense heritability (h2) of red
rot resistance was estimated on a family-mean-basis by mid-parent-offspring regression
17
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for each year and the two years combined. The hz was equated to the linear regression
coefficient (Falconer, 1981; Nyquist, 1991). Additive genetic variance (dA2) also was
expressed as an additive genetic coefficient of variation (AGCV) where:
AGCV=100crA/mid-parent mean.
The phenotypic variance of the mid-parent population (d^,2) also was expressed as a mid
parent coefficient of variation (MPCV) where:
MPCV=1006mp/mid-parent mean.
Genetic advance (GA) from selection, expressed as a percentage of the mid-parent mean,
was estimated as:
GA=lOO/tfdjnp/mid-parent mean
with an assumed 10% selection intensity among a population of infinite size (/= 1.76)
(Becker, 1984).
Broad-sense heritability for the parent population.

The broad-sense

heritability of red rot resistance for parental clones was estimated by using intraclass
correlations of variance components derived from two models. The full model included
genotype, date and year effects and all appropriate interactions. The reduced model did
not include year or year interaction effects. Data were subjected to variance and
covariance analysis assuming all genetic components were random.

Variance

components were calculated by equating appropriate mean squares to their expectation
and solving for the components (Falconer, 1981; Nyquist, 1991).
Broad-sense heritability estimates using variance components from the reduced
model were calculated in two ways: (i) on a single-stalk basis (HPR1), with one
18
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experiment date (d= 1 ) and one stalk per plant (n=l) tested, and (ii) on an entry-mean
basis (HPR2), with two experiment dates ( d - 2) and three stalks per plant (n=3) tested.
Within-year heritability was estimated as:
H p Ri= d g2/ ( d g2 +

agi2fd

+

b 2!nd)

where HPRi=HPR1, HPR2. The terms dg2, d^2, and 6e2 refer to the genotype, the genotype
by date, and the residual variance, respectively.
Broad-sense heritability estimates (HPFi) using variance components from the full
model analysis were calculated as:
HPFi= og2/(dg2 + o j / d + dgy2/y + dgdy2/rfy + a 2/dyn)
where HPFi=H PF1, Hppj. The terms qy 2 and $y 2 refer to the genotype by year and
genotype by date by year interaction variances, respectively. The divisor y refers to the
number of years. The heritabilities were calculated on an unreplicated single stalk basis
(HPF1), in which one year, one experiment date, and one stalk per plant (y= d= n= 1 )
were assumed, and on an entry mean basis (HPF2), in which two years, two experiment
dates per year, and three stalks per plant (y=d=2, n= 3) were assumed. Heritability
standard errors were calculated using Dickerson's approximation (Dickerson, 1969).
Genetic coefficients of variation (GCV) were calculated as:
GCV= 100dg/parental mean.
Genetic advance (Gaj), expressed as a percentage of the parental mean for the
four estimated heritabilities (Hj=HPR1,

, and pg ), was calculated as:

GAj= lOO/Hjdrop/parental mean.
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The phenotypic standard deviation (o^) was equated to the square root of the
denominator of the appropriate heritability (Hj). A 10% selection intensity with /=1.76
was used.
Variance component estimation for family means. Two models were used for
family mean analysis. The full model used included date, year, family effect and their
interactions, and offspring within date, year, and family. The reduced model did not
include year and year interaction effects. Analysis of variance and variance component
estimation followed the same procedures as parent data analysis. Genetic coefficients
of variation for family means and genotypes within families were calculated.
Genetic correlation. Broad-sense genetic correlation coefficients (rg) among the
disease traits were calculated for parent and family means as:
^g

®«y

where axy refers to the genetic covariance between traits x and y, while o, and oy are the
genetic standard deviations (dg) for x and y.
RESULTS
Resistance evaluation in parents and families. Parental clones varied in their
reaction to red rot (Table 1). The average intemode rot severity for nine intemodes
ranged from 11% to 52% in 1992 and from 9% to 48% in 1993. The number of nodes
passed by red rot symptoms in both directions from the inoculation point varied from 1.4
to 5.0 nodes in 1992 and from 1.2 to 4.3 nodes in 1993. The number of nodes rotted
differed from 0.6 to 4.8 in 1992 and from 0.5 to 4.3 in 1993. The rot index ranged

20
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from 17 to 273 in 1992 and from 11 to 227 in 1993. Relative response of some clones
was inconsistent across years. Only two clones, CP 62-258 and LCP 85-376, exhibited
a resistant reaction to red rot in both years.
Overall, red rot severity was lowest in clones CP 62-258, CP 80-323, and LCP
85-376 and highest in clones CP 65-357, CP 80-313, and LCP 86-420. Population
means of the disease traits for parents and their families were similar, although the
family mean values were usually slightly higher than the values of the parent population.
The family mean results obtained in 1992 and 1993 were similar. However, the parent
population exhibited more severe disease symptoms in 1992 than in 1993. The values
for the disease traits indicate the disease reactions for most parents and progeny were in
the susceptible to highly susceptible range.
Narrow-sense heritability of red rot resistance. Narrow-sense heritability
estimates were determined by mid-parent-offspring regression from data collected during
1992, 1993, and both years combined. The estimates for the combined year analysis
ranged from 0.19 ± 0.04 to 0.31 ± 0.05 (Table 2). Heritability estimates were highest
for resistance assessed by the number of nodes passed and the rot index. However, the
highest additive genetic coefficient of variation (AGCV=38%) was obtained for the rot
index. The other disease traits had similar and low values of AGCV. The greatest
seasonal variation in heritability estimates was exhibited by the rot index.
Genetic gain in resistance. Assuming a 10% selection intensity, selection based
on rot index resulted in the greatest expected genetic gain in resistance (37%) (Table 2).

21
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TABLE 2. Narrow-sense heritability estimates and inheritance to red rot in sugarcane assessed by different disease traits
during 1992, 1993, and both years combined___________________________________________________________
Disease traitsb
IRSb
Parameter

° 2a
o

2m p

Means

1992

1993 92-93f
__%/o
2

20.4

24.3

126

120
__
--- %
/O

29.9
±
0.3

21.8
±
0.2

NP
1992

RI

NR

1993 92-93f

1992 1993 92-93f
„ no 2 __

1992

1993 92-93f
n t 2________
'. ^( %/OnllKJ.J

7.7

22.7

0.32

0.15

0.22

0.24

0.16

0.19

9.7

6.4

122

1.00

0.48

0.69

0.98

0.70

0.81

38.0

17.2

25.7

3.17
±
0.03

2.41
±
0.02

2.72
±
0.02

2.94
±
0.03

2.22
±
0.02

2.51
±
0.02

98.6
±
1.6

55.1
±
1.1

72.8
±
1.0

25.1
±
0.2

-----unitless----h2

0.16
±
0.06

0.20
±
0.05

0.19
±
0.04

0.32
±
0.07

0.30
±
0.08

0.31
±
0.05

0.25
±
0.07

0.23
±
0.06

0.22
±
0.05

0.25
±
0.06

0.37
±
0.09

0.30
±
0.05

AGCV

15.1

22.6

19.0

17.8

15.8

17.1

16.8

18.0

17.5

31.5

46.0

38.2

MPCV

37.5

50.2

44.1

31.2

28.8

30.4

33.8

37.5

35.9

62.5

75.3

69.6

28.0 49.5 36.9
10.7 17.8 14.4
17.8
15.3 16.9
14.7 15.2 15.1
GA
“ o2a = additive genetic variance; o 2MP = mid-parent phenotypic variance; Means = mid-parent means; AGCV =
additive genetic coefficient of variation; MPCV = mid-parent coefficient of variation; h2 = narrow-sense heritability;
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Table 2. Continued ...
GA = genetic gain with 1 10% selection intensity.
b IRS = intemode rot severity: the average percent discoloration in the inoculated intemode and four intemodes on each
side of the inoculation point. NP = nodes passed: the number of nodes passed by intemode rot symptoms in each
direction from inoculation point. NR= node rotted: the number of nodes in the assessed area with rot symptoms. RI = rot
index: IRS x NP. Combined years are the results based on analyses of combined data collected from 1992 and 1993.

Selection for resistance based on the other disease traits resulted in lower and similar
genetic gains.
Broad-sense heritability of resistance for parental clones.

The genetic

coefficient of variation (GCV) provides a measure of a trait's genetic variance relative
to its mean. The GCVs varied among disease traits in different years (Table 3). The
range was from 19 to 66%. The rot index gave the highest GCV both years (45% in
1992 and 66% in 1993). The GCVs were stable for the same trait in different years.
The genotypic and residual variances were of similar magnitude for intemode rot severity
and the rot index, whereas the error variance contributed more than genotypic variance
to phenotypic variance for the number of nodes passed and the number of nodes rotted.
Genotype by environment interaction commonly equaled the genotypic variance for all
the traits. The broad-sense entry mean heritability estimates were moderate to high for
all the disease traits in individual years. The range was from 0.49 to 0.80. However,
the estimates based on a single stalk analysis were nearly half the estimates based on
multiple-stalk entry means (range=0.23 to 0.47).
With the combined-year model, at least one genotype by environment effect,
namely genotype by year, genotype by date, or genotype by year by date interactions,
significantly contributed to variance in all disease trait values (Table 4). Genotypic
variance contributions to the phenotypic variance were very small compared to the error
variance and the cumulative GE variances.

As a result, the GCVs, broad-sense

heritabilities, and predicted genetic advances from selection calculated from variances
of the disease traits were low.
24
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TABLE 3. Parental variance components, means, genetic coefficients of variation, broad-sense heritability estimates and
genetic advances from selection for red rot resistance based on disease traits in 1992 and 1993____________________
Disease traitsb
________ IRS________
Parameter8

1992

NP________

NR_______

1993________ 1992______1993________ 1992

RI________

1993________ 1992

1993

%2.............................................................no.2 ................................................(%no.)2 x 102 -

£

o2g

67.4**
± 702

38.3’
± 548

0.34
± 0.75

0.26 *
± 0.48

0.54**
0.32*’
±0.79
± 0.56

17.6’
±44.5

12.8**
± 29.3

o2gd

12.3
± 378

37.8”
± 377

0.50“
± 0 61

0.15’
± 0 34

0.37”
± 0 57

0.36”
± QM

14.2”
±32 8

6.8”
± 18 9

48.2
± 19.7

0.66
± 0.04

0.61
± 0.03

0.70
± 0.03

0.69
± 0 .0 2

20.5
± 1 .9

15.7
± 1 .2

a\

62.8
± 29.4

----------- % --------Parental
mean

26.5
± 1 .1

19.5
± 1 .0

no. -----------------------3.11
± 0.11

2.35
± 0 .0 8

2.88
± 0 .1 2

2.14
± 0 .1 0

% n o .-----92.7
± 6 .7

53.9
± 4 .9

--------------------------------------------------------------- unitless------------------------------------------------HPR1

0.47
± 0.55

0.31
± 0.49

0.23
± 0.50

0.26
± 0.47

0.33
± 0.49

0.24
± 0.41

0.34
± 0.85

0.36
± 0.81

HPR2

0.80
± 0 .9 4

0.59
± 0 .8 4

0.49
± 1 .0 7

0.60
± 1.11

0.64
± 0 .9 7

0.53
±0.91

0.63
± 1 .5 8

0.68
±1.51
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Table 3. Continued ...
%

GCV

31.0

31.7

18.8

21.7

25.4

26.6

45.3

66.4

GAPR1

37.5

31.0

15.7

19.3

25.8

22.7

46.3

70.4

23.0
48.8
41.8
29.5
35.8
33.9
63.1
96.4
* o2g, o2Jd and a \ refer to genotype, genotype by date, and error variances, respectively; GCV = genetic coefficient of
variation; HPR1 = broad-sense heritability on a single stalk basis; HPR2 = broad-sense heritability on an entry mean basis
(two experiment dates and three stalks); and GA = genetic advance from selection with a 10% selection intensity based on
single (PR1) and entry mean (PR2) analyses.
b IRS = intemode node rot severity: the average percent discoloration in the inoculated intemode and four intemodes on
each side of the inoculation point. NP = nodes passed: the number of nodes passed by intemode rot symptoms in each
direction from inoculation point. NR = nodes rotted: the number of nodes in the assessed area with rot symptoms. RI =
rot index: IRS X NP. Values ± standard error; * and ** = sum of mean square significant at P = 0.0S and 0.01,
respectively.
g a PR2

Variance component estimation for family means. The genetic variances
among cross families (df2) were much smaller than within family genetic variances ( d ^ 2
or

y2) for all the disease traits (Tables 5 and 6). Genetic variance within families was

stable across years (Table 5).

Significant genotype by year and genotype by date

interactions were detected in the progeny population (Table 6). Genotype by year
interaction upwardly biased the within year estimates of genetic variance for all traits.
Correlation among test dates within and between years. Except for the
number of nodes passed in 1992 and the number of nodes rotted in 1993, all the disease
traits were significantly correlated to a similar degree among dates within years in the
parent population (Table 7). However, they were not correlated between years. Family
means were not correlated among dates within years. Except for intemode rot severity,
family means of all the other traits also were not correlated between years.
Genetic correlation of disease traits. The disease traits were highly correlated
to each other (Table 8). Correlations among traits within the parent population were
essentially identical to those among the family means.
DISCUSSION
Evaluation of red rot resistance indicated that a range of susceptibility exists in
the current Louisiana sugarcane breeding and selection populations. However, few
clones showed consistent resistance to red rot. Genetic variances for resistance were
generally low and genotype x environment variances were high. Therefore, the level
of variation observed in the two populations was largely due to environmental effects on
disease development.
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TABLE 4. Parental variance components, means, genetic coefficients of variation
(GCV), broad-sense heritability, and genetic advances from selection for red rot
resistance in sugarcane assessed as different disease traits in 1992 and 1993 combined
Disease traitsb
Parameter®

IRS

NP

------%2-------

NR
no.2 -------------

RI
-(% n o .)x l0 2—

1.2 ± 435

0.05 ± 0.43

0.18' ± 0.47

-0.4 ± 25.4

° 2gd

29.4” ± 296

0.04 ± 0.34

-0.06 ± 0.36

7.2* ± 19.1

° 2«y

49.5” ± 484

0.24” ± 0.52

0.15 ± 0.55

14.5” ± 29.7

C^gdy

-2.8 ± 188

0.28” ± 0.40

0.42” ± 0.48

3.6 ± 16.8

02c

54.4 ± 12

0.63 ± 0.02

0.70 ± 0.02

17.7 ± 0.8

2.69 ± 0.07

2.47 ± 0.08

71.4 ± 4.2

<

— %
Parental mean

22.6 ± 1.0

--------------unitless---------------Hpfi

0.01 ± 0.37

0.04 ± 0.35

0.12 ± 0 .3 2

0

h PF2

0.03 ± 1.11

0.15 ± 1.38

0.42 ± 1.07

0

_______
-%
/o ----------------

GCV

4.8

8.1

17.2

0

g a pf1

0.8

2.8

10.6

0

0
1.4
5.6
19.5
a o2g = genotypic variance; o2gd = genotype by date interaction variance; o2gy =
genotype by year interaction variance; o2gdy = variance for genotype by date by year
interaction; o2e = error variances; HPF1 = broad-sense heritability on a single-stalk
basis; HPF2 = broad-sense heritability on an entry-mean basis (two years, two
experiment date, and three stalks); GA = genetic advance from selection with a 10 %
selection intensity based on single (PF1) and entry mean (PF2) analyses.
b IRS = intemode rot severity: the average percent discoloration in the inoculated
intemode and in four intemodes on each side of the inoculation point. NP = nodes
passed: number of nodes passed by intemode rot symptoms in each direction from
inoculated point. NR = nodes rotted: the number of nodes in the assessed area with
rot symptoms. RI = rot index: IRS x NP. Values are given ± standard error. * and
** = sum of mean square significant at P = 0.05 and 0.01, respectively.
g a PF2
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TABLE S. Family variance components, means , and genetic coefficient variation for red rot resistance assessed as
different disease traits or a rot index in 1992 and 1993
Disease traitsb
NP

IRS
Parameter*

1993

1992

1992

NR
1993

______

/o

1992

RI
1993

. « n 2 __________

1992

1993

n n ) I 2 -----—------ ^f/0%11U.

° 2r

6.6“
± 107

8.8“
± 123

0.07“
± 0.12

0.10“
± 0.11

0.06”
±0.12

0.12“
± 0.10

1.2“
±7.3

2.0“
± 6.8

° \d

16.7“
± 138

14.3“
± 125

0.12“
± 0.14

0.08“
± 0.12

0.15“
± 0.15

0.04“
± 0.10

7.6“
± 9.6

5.0“
± 7.9

° 2o(fd)

65.0“
± 125

±

87.3“
141

0.94“
0.16

0.85“
± 0 .1 4

0.93“
± 0.16

0.88“
± 0.14

31.4“
±9.0

37.2“
± 9.2

0.56
± 0.003

0.61
±0.002

0.70
± 0.003

0.62
± 0.002

21.3
± 0.2

28.2
± 0 .1

62.2
± 2.9

67.4
± 1-7

±

______
. %
JO

Family mean

26.7
± 0.4

25.6
± 0.4

—

3.28
± 0.05

2.93
± 0.04

IIU. “— ---------

3.00
± 0.05

/O

2.67
± 0.04

98.7
± 2.8

12.8

11.0

IIU*

88.5
± 2 .5

_________ _________

GCV* among cross

9.6

11.7

8.0

10.7

8.0

15.9

30.2
36.8
29.6
31.4
32.2
35.1
56.7
68.9
* o2f = family variance; o2fd = family by test date variance interaction; o2^ = genotypic variance within family, date;
o2e = error variance; G C V ^ family = 100 o2f/mean; GCVwiUlinfamily/mean.
G C V* wilhin cross
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Table S. Continued ...
b IRS = intemode rot severity: the average percent discoloration in the inoculated intemode and in four intemodes on
each side of the inoculation point. NP = nodes passed: number of nodes passed by intemode rot symptoms in each
direction from inoculated point. NR = nodes rotted: the number of nodes in the assessed area with rot symptoms. RI =rot
index: IRS x NP. Values are given rotted ± standard error. ** = sum of mean squares significant at P = 0.01.

U>

©

TABLE 6. Family variance components, means, genetic coefficients of variation for
red rot resistance in sugarcane assessed as different disease traits in 1992 and 1993
combined
Disease traitsb
Parameter*

IRS
------- % 2

NP

NR
no.2 --------------

-----------

RI
--(% no.)xl02-

4.6” ± 434

0.002” ± 3.4

-0.001” ± 3.4

0.6” ± 214

° 2fd

10.3” ± 98

0.02” ± 0.1

0.05” ± 0.1

2.3” ± 6.5

° 2fy

3.0” ± 84.9

0.08” ± 0.1

0.08” ± 0.1

0.9” ± 6.0

o 2fdy

4.6" ± 0.4

0.08” ± 0.1

0.04” ± 0.1

3.6” ± 7 . 6

77.8” ± 94.9

0.88” ± 0.1

0.90” ± 0 . 1

34.3” ± 6.4

65.7 ± 1.1

0.60 ± 0.001

0.65 ± 0.001

25.9 ± 0.1

2
° o(fdy)
° 2c

_____ %/O

Family mean

n o . ------------------------

------

25.9 ± 0.3

3.07 ± 0.03

2.81 ± 0.03

92.6 ± 1.9

% ----------------------------G C V' among cross

8.2

1.4

0

8.5

33.9
34.0
30.5
63.3
a o2f = family variance; o2fd = family by test date variance interaction; o2gf = family
by year variance interaction; o2fdy = family by date by year variance interaction;
o(fdy) = genotypic variance within family, date, and year; o2c = error variances;
GCVhioivcrh = genetic coefficient of variation among families; GCVwithincr0JJ =
genetic coefficient of variation within cross.
b IRS = intemode rot severity: the average percent discoloration in the inoculated
intemode and in four intemodes on each side of the inoculation point. NP = nodes
passed: number of nodes passed by intemode rot symptoms in each direction from
inoculated point. NR = nodes rotted: the number of nodes in the assessed area with
rot symptoms. RI = rot index: IRS x NP. Values are given ± standard error. ** =
sum of mean squares significant at P = 0.01.
G CV
VJV' ’ within cross
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TABLE 7. Correlation coefficients of experiment dates within years and between
years for red rot resistance evaluation assessed as different disease traits_______
Disease traitsb
Correlation

Clones*

IRS

NP

NR

RI

Among dates
within 1992

Parents

0.57”

0.32

0.42**

0.45’*

Family means

0.18

0.17

0.15

0.09

Among dates
within 1993

Parents

0.48*

0.49*

0.32

0.64**

Family means

0.18

0.24

0.31

0.11

Parents

0.07

-0.03

0.13

-0.06

Between 1992
and 1993

0.40*
0.07
Family means
0.10
0.26
* Different progeny from a cross were used on different dates within a year, although
the same ten progeny were used in the two years, their individual identity was not
retained. *and ** = significantly different at P = 0.05 and 0.01, respectively.
b IRS = intemode rot severity: the average percent discoloration in the inoculated
intemode and in four intemodes on each side of the inoculation point. NP = nodes
passed: number of nodes passed by intemode rot symptoms in each direction from
inoculated point. NR = nodes rotted: the number of nodes in the assessed area with
rot symptoms. RI = rot index: IRS x NP.
TABLE 8. Broad-sense genetic correlation coefficients (rg) of disease traits used for
red rot evaluation in sugarcane for 1992 and 1993 combined___________________
Genetic correlation coefficients for disease traitsb
NP
Disease traits*
IRS

NR

RI

Parents

FM

Parents

FM

Parents

FM

0.61

0.62

0.59

0.61

0.88

0.89

0.86

0.82

0.81

0.80

NP

0.74
0.71
NR
1 IRS = intemode rot severity: the average percent discoloration in the inoculated
intemode and four intemodes on each side of the inoculation point. NP = nodes
passed: the number of nodes passed by intemode rot symptoms in each direction from
inoculation point. NR = nodes rotted: the number of nodes in the assessed area that
were rotted.
d RI = rot index: IRS x NP. FM = family means. rg significant at P = 0.01 for all
values.
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Formerly, evaluation of resistance to red rot through stalk inoculations was a
routine part of the sugarcane cultivar selection program (Abbott, 1938; Abbott et al.,
1967). Clones were classified as resistant when disease symptoms did not progress
beyond the inoculated intemode. According to this standard, all the clones in the recent
experiments would be classified as susceptible. The experimental conditions in this study
differed from those in the previous work. In the current study, inoculated stalks were
incubated for 6 weeks at 24 ± 3°C instead of 3 weeks at 20-21°C (Abbott et al. 1967).
The longer period of incubation extended the opportunity for disease development under
favorable conditions. This approximates more closely the real situation of sugarcane
germination in the field under Louisiana conditions. Preliminary results comparing
different lengths of incubation time after inoculation (from 3 to 9 weeks) indicated that
disease continued to develop for 5 to 7 weeks, then disease progress slowed. Based on
the results, we conclude that highly resistant clones are rare in the current breeding
population.
Currently, there is no resistance evaluation in the Louisiana cultivar development
program. Because the pathogen is ubiquitous, the assumption has been that natural
infection and selection will take place over the course of the 12-year selection program
(Milligan, 1994), and susceptible clones will be eliminated due to poor yield. In the
inoculated stalk experiments, the mean values for the disease traits were always slightly
higher for the progeny than the parents, suggesting some minor selection for resistance
has occurred in the parent population. However, the current approach has resulted in a
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situation in which the parent population is predominantly composed of susceptible
clones, and there is a high frequency of susceptibility in the selection population.
Resistance to red rot is apparently complex, and it is affected by morphological
and physiological factors (Singh and Singh, 1988). Infection may occur through wounds
or nodal tissues (Abbott, 1938; Singh and Singh, 1988). Evaluation of resistance to red
rot of standing cane is most often accomplished with nodal inoculation techniques (Singh
and Singh, 1988). Evaluation of resistance to red rot as a disease of planted stalks was
traditionally done by the stalk inoculation method (Abbott, 1938; Abbott et al., 1967),
which was modified for use in our study. Rind penetration and intemode damage caused
by the sugarcane borer, Diatraea saccharalis, provide an important avenue for red rot
infection of planted stalks in Louisiana (Abbott, 1938; Edgerton, 19SS; Ogunwolu et al.,
1991). The stalk inoculation technique used in this study mimics this infection process.
Estimates for narrow-sense heritability and genetic gain based on the rot index
suggest that resistance to red rot can be increased by recurrent mass selection.
Resistance selection should not be based on the component traits (intemode rot severity,
nodes passed, and nodes rotted) because of their low narrow-sense heritabilities and
potential genetic gains. Although the narrow-sense heritability estimate for nodes passed
was almost the same as for the rot index, the expected genetic gain for nodes passed was
much lower than that for the rot index, due to its low genetic variance. All of the results
suggest the rot index, that combines the aspects of degree of spread and extent of rotting,
provides the best evaluation of red rot resistance.
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The narrow-sense heritability results were not in agreement with the findings of
Azab and Chilton (1960) and Chona (1954), which suggested that the degree of parental
resistance had little effect on the percentage of resistant progeny. In this study, the
lowest rot index values were obtained for progeny from crosses between the most
resistant clones. These results support Abbott (1938) and Atchutharamarao and Sarma
(1982) who concluded that there was a relationship between resistance in the parents and
progeny.
The broad-sense heritability estimates indicated that red rot resistance was not
repeatable across years. Disease resistance evaluations were conducted under controlled
environmental conditions.

This suggests the difference between years was due to

preconditioning of the stalks determined by the environmental conditions under which
they were grown. Environmental conditions might affect sugarcane morphology and
physiology and thereby resistance. Stalks for the 1992 experiment were collected from
plants that had experienced hurricane-force winds and heavy rain, whereas stalks for the
1993 experiment were collected from drought-stressed plants. The results also could
suggest that pathogen virulence varied between years. However, tests of individual
isolates gave similar results each year, and a combination of isolates was used in the
experiments.
The low repeatability indicated by the broad-sense heritability estimates from the
combined year model and the poor correlation of disease traits between years indicated
that single year evaluation of resistance is unreliable. Comparison of the genetic gain
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estimates using single and multiple stalk analyses demonstrated that clone resistance
evaluations should be based on repeated, multiple stalk inoculations.
The results from variance component estimation for the cross progeny indicated
that genetic variances among cross families were low, but significantly different, whereas
genetic variances within families were high and repeatable over years. This again
suggests that red rot resistance could be effectively improved by determining and making
the crosses among the most resistant parents then focusing selection on progeny within
those crosses. However, the low repeatability of clone red rot reactions suggests that
effort should be devoted to accurately determining resistance reactions among
agronomically desirable parents and making appropriate crosses rather than large-scale
evaluation of red rot resistance in progeny populations.
Considered altogether, the experimental results have important implications for
the sugarcane cultivar development program in Louisiana. Development of cultivars by
breeding and selecting for only a single trait is not feasible in any crop breeding
program. Sugarcane cultivar selection will continue to be based on multiple traits.
Resistance to red rot can be improved by evaluating resistance in potential parents and
utilizing the most resistant clones in crosses. However, high levels of resistance are rare
in the current parent population, so new sources of resistance need to be identified.
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EFFECT OF STALK DESICCATION ON SUGARCANE RED ROT*

* Reprinted with permission from Plant Disease
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INTRODUCTION
Red rot, caused by Colletotrichum falcatum Went, is an important disease of
sugarcane (interspecific hybrids of Saccharum L.), which can cause severe losses in
sucrose yield in many cane growing areas of the world (Abbott, 1938; Bourne, 1953;
Edgerton, 1911; Singh and Singh 1988; Singh et al., 1985). Sugarcane is a vegetatively
propagated crop. In Louisiana, red rot is primarily a disease that develops in planted
stalks, rather than standing cane, that results in poor stand establishment (Abbott, 1938;
Edgerton, 1911; Steib and Chilton, 1951).
Sugarcane is grown at the northern limit of its cultivation range in Louisiana
(Matheme et al., 1977). Fall planting is needed to obtain adequate stalk maturity and
sucrose yield the following growing season. The planting season extends from August
through early October. To ensure an adequate shoot population the following spring,
whole stalks are planted at a rate of four to eight running stalks in the planting furrow.
At the conclusion of the growing season, a plant cane crop is harvested, followed
by first and second ratoon crops in subsequent years. After the fall harvest of the second
ratoon crop, the cane stubble is plowed out during winter, and the land is fallowed until
replanting. The fallow period greatly reduces the possibility of soilbome inoculum of
C. falcatum, since the fungus does not survive more than 6 months in soil or plant debris
(Singh et al., 1977). Therefore, primary inoculum for stalk rot of planted stalks comes
from infections of bud scales, nodal tissues, and leaf midribs that developed during the
growing season (Agnihotri and Budhrajia, 1974; Agnihotri et al., 1979; Chona, 1950;
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Sandhu et al., 1974; Singh, 1968; Steib and Chilton, 1951). Red rot may develop in
stalks after planting during a period extending through fall, winter, and early spring.
Weak shoot populations in plant cane do not occur annually even with cultivars that are
considered susceptible to red rot. Observational evidence suggests that the disease is
favored by both excessive and deficient soil moisture and by low temperatures
(Edgerton, 1911; Singh and Singh, 1988; Singh, 1985). These factors can adversely
affect sugarcane growth, but have much less effect on the pathogen (Ahmed and
Divinagracia, 1974; Singh and Lai, 1987; Singh et al., 1985; Singh, 1973). However,
the possible relationships between different types of stress and sugarcane red rot severity
are poorly understood. The objectives of this study were to investigate the effect of stalk
desiccation on red rot under controlled conditions and in the field and to evaluate the
resistance to red rot of commercial sugarcane cultivars exposed to stress.
MATERIALS AND METHODS
Stalk desiccation experiments under controlled conditions. Experiments were
conducted during fall, 1993 and 1995. Five sugarcane cultivars, CP 65-357, CP 70-321,
CP 72-370, LCP 82-89, and LCP 85-384, were used for the experiments. Intact, mature
stalks without stalk borer or mechanical damage were cut by hand. Leaves and leaf
sheaths were removed, and stalks were trimmed to contain nine nodes. Stalks were
surface-disinfested by dipping in an approximately 0.26% NaOCl solution for 30 min
before inoculation with C. falcatum. Inoculum preparation was as described previously
(Yin et al., 1996). Twelve stalks of each cultivar were inoculated by introducing 100
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(j.1of a conidial suspension of C. falcatum into a 3.2-mm-diameter hole that was drilled
into, but not through, the center intemode of each stalk. The concentration of conidia
was 3.8 x 106 spores/ml. Another 12 stalks of each cultivar were wounded by drilling
a hole but not inoculated. The inoculated and noninoculated stalks were each divided
into two groups with six replicate stalks per cultivar.

Groups of inoculated and

noninoculated stalks of each cultivar were wrapped (inoculated and noninoculated
groups separately) inside a perforated sheet of polyethylene with wet paper towels for
6 weeks. The other groups of each type were given a 3 weeks desiccation treatment,
then wrapped in plastic with wet towels and incubated for an additional 3 weeks. The
desiccation treatment consisted of leaving the stalks exposed to ambient relative humidity
(70-75%) with a temperature range of 20-25°C in the storage room where the experiment
was conducted.
To determine the effect of the desiccation treatment on stalk water loss, the
weight was determined individually for six stalks of every cultivar in each treatment at
the beginning of the experiments, after 3 weeks, and after 6 weeks at the conclusion of
the experiments. Percent weight loss per stalk was determined by dividing stalk weight
decrease at each date by initial stalk weight and multiplying by 100. Weight losses were
then compared among cultivars and treatments.
After 6 weeks, all stalks were split longitudinally and disease severity was
assessed as: (i) the total number of nodes passed (NP) by intemode rot symptoms in each
direction from the inoculation point; (ii) the number of nodes in the assessed area with
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rot symptoms, and (iii) intemode rot severity (IRS) in the inoculated intemode and three
internodes in either direction from the inoculation point. Intemode rot severity was
evaluated by visually rating the portion of tissue exhibiting red discoloration in each
intemode. Ratings were made on a scale of 1-6 in which 1 = 10% or less, 2=11-25%,
3=26-50%, 4=51-75%, 5=76-90%, and 6 = greater than 90% of the intemode tissue
exhibiting red discoloration. Intemode rot severity was then determined as an average
of the seven intemodes assessed. An aggregate disease trait, rot index (RI), which
combined the traits describing the extent of intemode rotting and disease spread was
calculated as RI=NPxIRS. To confirm symptoms resulted from infection, C. falcatum
was reisolated.
Field experiments. The effect of stalk desiccation on red rot and sugarcane
shoot populations produced during spring was evaluated in field experiments conducted
at the St. Gabriel Branch Experiment Station of the Louisiana Agricultural Experiment
Station at St. Gabriel, LA. Seven commercial cultivars, CP 65-357, CP 70-321, CP 72370, CP 73-351, CP 74-383, LCP 82-89, and LCP 85-384, were planted during fall,
1992 and 1993. Mature stalks without stalk borer or mechanical damage were hand cut
and topped so as to contain nine nodes. After surface-disinfestation by dipping into an
approximately 0.26% NaOCl solution for 30 min, the stalks were divided into two
groups. One group was inoculated with a conidial suspension of C. falcatum and the
other group was not inoculated as described for the controlled conditions experiments.
Half of the inoculated and noninoculated stalks was planted immediately. The other half
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was held in a storage room at ambient temperature and relative humidity for 3 weeks
before planting. A split treatment arrangement with three replicates was used where the
main plots were desiccation and no desiccation treatments. Inoculated and noninoculated
stalks of each cultivar were planted in plots within main plots in a random design. Four
and six stalks were planted per single row plot, 7.66 m in length, in 1992 and 1993,
respectively. The number of shoots in each plot was counted the following spring.
Percent reduction in shoot number was determined by dividing the cultivar shoot
population means in the inoculation without desiccation, the desiccation without
inoculation, and the inoculation with desiccation treatments by the corresponding cultivar
mean from the noninoculated/no desiccation treatment.
Statistical analyses were conducted using the general linear model procedures of
the Statistical Analysis System, Version 6.12 (SAS Institute Inc., Cary, NC). Data from
the two experiments conducted under controlled conditions were combined and subjected
to analysis of variance with year as a block. Because there were no significant cultivar
by treatment interactions for the number of nodes passed and the disease index, the
treatment effect for the two traits was evaluated with five cultivars combined. Data for
experiments conducted under field conditions also were combined for analysis. Ratings
data for internode rot severity were converted to the percentage midpoint for the
appropriate interval and then transformed to arcsin square root values before statistical
analysis. Data for stalk weight loss and percent shoot population reduction also were
transformed to arcsin square root values before statistical analysis. Differences among
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treatment means were determined by using Fisher's least significant difference test at the
5% level of probability.
RESULTS
Effects of stalk desiccation on red rot under controlled conditions. Red rot
development was greater in inoculated compared to noninoculated stalks with or without
desiccation (Tables 9, 10, 11). Disease severity was always higher in inoculated stalks
in 199S than 1993 (results not shown). Disease severity in inoculated stalks, measured
as the number of nodes passed and rot index, was increased by the 3 weeks desiccation
treatment for the five cultivars combined (Table 9). Slight discoloration developed in
the intemodes in the middle of noninoculated stalks exposed to desiccation. However,
disease development was minimal in noninoculated stalks. The number of nodes rotted
and intemode rot severity varied among the five cultivars. Desiccation only increased
the number of nodes rotted for one cultivar, LCP 85-384 (Table 10). Intemode rot
severity was increased for CP 70-321, LCP 82-89, and LCP 85-384 (Table 11).
Desiccation also increased intemode discoloration for noninoculated stalks of CP 65-357
and LCP 82-89 (Table 11). An increase in disease severity resulting from desiccation
was observed for two of four disease traits for CP 65-357 and CP 72-370, three of four
traits for CP 70-321 and LCP 82-89, and all four traits for LCP 85-384.
Stalk weight loss ranged from 14 to 17% among cultivars after the 3 weeks of
desiccation. Further stalk weight decreases occurred during the 3 weeks after the
desiccation treatment. The additional losses were not significant; however, they affected
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TABLE 9. Effect of desiccation on number of nodes beyond which red rot symptoms
were evident and a disease severity index in detached stalks of five cultivars
maintained under controlled conditions
Disease traitb
Treatment”

NP (no.)

RI (no. %)

I/D

4.1 a

2.20 a

I/ND

2.8 b

1.09 b

NI/D

0.3 c

0.03 c

NI/ND
0.1 c
0.01 c
aI/D = stalks inoculated with conidia of C. falcatum then exposed to 3 weeks
desiccation treatment; I/ND = inoculated stalks without desiccation; NI/D =
noninoculated stalks with 3 weeks desiccation treatment; NI/ND = noninoculated
stalks without desiccation.
bNP = nodes passed: refers to the number of nodes beyond which intemode rot
symptoms were evident in both directions from the inoculation point in the center
intemode. RI = rot index: NP x IRS (the average percent discoloration of seven
intemodes). Values are means for five cultivars for two experiments combined.
Means in a column followed by the same letter are not significantly different (P =
0.05) according to Fisher’s least significant difference test.
TABLE 10. Effect of desiccation on number of nodes rotted in detached stalks of five
cultivars under controlled conditions_____________________________________
Number of nodes rotted”
Treatment”

CP65-357

CP70-321

CP72-370

LCP82-89

LCP85-384

I/D

3.3 a

2.3 a

3.3 a

2.6 a

3.8 a

I/ND

3.1 a

2.2 a

3.2 a

2.6 a

2.7 b

NI/D

0.1 b

0.3 b

0.1b

0.1 b

0.3 c

0.0 b
0.0 c
NI/ND
0.0 b
0.0 b
0.0 b
a I/D = stalks inoculated with conidia of C. falcatum then exposed to 3 weeks
desiccation treatment; I/ND = inoculated stalks without desiccation; NI/D =
noninoculated stalks with 3 weeks desiccation treatment; NI/ND = noninoculated
stalks without desiccation.
bValues are means for two experiments combined. Means in a column followed by
the same letter are not significantly different (P = 0.05) according to Fisher’s least
significant difference test.
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TABLE 11. Effect of desiccation on intemode rot severity of detached stalks in five
cultivars under controlled conditions
Intemode rot severity(%)b
Treatment*

CP 65-357

CP70-321

CP72-370

LCP82-89

I/D

42 a

50 a

38 a

50 a

54 a

I/ND

37 a

29 b

38 a

30 b

37 b

NI/D

10 b

12 c

8b

9c

2c

LCP85-384

7b
1d
NI/ND
3c
8c
2c
aI/D = stalks inoculated with conidia of C. falcatum then exposed to 3 weeks
desiccation treatment; I/ND = inoculated stalks without desiccation; NI/D =
noninoculated stalks with 3 weeks desiccation treatment; NI/ND = noninoculated
stalks without desiccation.
bIntemode rot severity was the average percent discoloration of seven interaodes.
Values are means for two experiments combined. Means in a column followed by the
same letter are not significantly different (P = 0.05) according to Fisher’s least
significant difference test.
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the relationship among cultivars. After the 3 weeks treatment, CP 65-357 (16.9%)
experienced a greater weight loss than CP 72-370 (13.8%), while the other cultivars
were intermediate (P=0.05). After an additional 3 weeks with no desiccation, LCP 85384 (17.7%) had a greater stalk weight loss than CP 72-370 (15.2%). Stalk weight
losses among the five cultivars ranged from 0.8 to 2.9% after 6 weeks without
desiccation. There was a significant year effect in the combined analysis, with the initial
stalk weights and losses for all the cultivars being greater in 1995 than in 1993.
Stalk desiccation and red rot effects on spring sugarcane shoot populations
in field experiments. Inoculation with C. falcatum in the absence of stalk desiccation
did not result in a reduction in spring shoot population for seven cultivars (Table 12).
Cultivars varied in their response to desiccation and the combination of inoculation with
C. falcatum and desiccation.

Spring shoot population was adversely affected by

desiccation without inoculation only in CP 70-321, CP 74-383, and LCP 82-89. The
effects of desiccation alone and desiccation with inoculation were comparable in CP 74383 and LCP 82-89. Spring shoot populations were lower in the inoculated/desiccation
than in the noninoculated/without desiccation treatment for all seven cultivars.
Inoculation with C. falcatum without desiccation resulted in spring shoot
population reductions ranging from 0 to 19% for the seven cultivars, but the reductions
were not different among the tested cultivars (Table 13). Desiccation alone resulted in
38 to 76% shoot reductions for the sensitive cultivars, CP 70-321, CP 74-383, and LCP
82-89; however, only CP 74-383 exhibited a greater reduction than CP 65-357 and CP
73-351 (Table 13). Colletortichum falcatum inoculation with desiccation resulted in
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TABLE 12. Effect of stalk desiccation and red rot on spring shoot populations of seven sugarcane cultivars
Shoot population per plotb
CP 65-357

CP70-321

CP72-370

CP73-351

CP74-383

LCP82-89

LCP85-384

NI/ND

23 a

35 a

35 a

28 a

28 a

41 a

33 ab

I/ND

21 a

32 a

26 a

31 a

24 a

47 a

41 a

NI/D

23 a

22 b

28 a

27 a

9b

22 b

27 ab

Treatment*

9b
11 c
15 b
11 b
8b
9b
19 b
I/D
a NI/ND = noninoculated stalks without 3 weeks desiccation treatment; I/ND = stalks inoculated with conidia of C.
falcatum without desiccation; NI/D = noninoculated stalks exposed to 3 weeks desiccation treatment; I/D= inoculated
stalks exposed to 3 weeks desiccation treatment.
b Treatment means were presented for seven cultivars individually from two experiments combined. Means followed by
different letters within a column were different at P = 0.05 according to Fisher’s least significant difference test.

TABLE 13. Shoot population reductions in seven cultivars caused by C. falcatum
inoculation, desiccation, or both_______________________________________
Percent shoot reduction2
Cultivar

Inoculation

Desiccation

Both

CP65-357

7a

7c

70 abc

CP70-321

12 a

38 abc

73 abc

CP72-370

19 a

16 be

71 abc

CP73-351

0a

8c

59 be

CP74-383

10 a

76 a

82 ab

LCP82-89

8a

55 ab

84 a

13 be
51 c
LCP85-384
18 a
3Percent shoot reduction was determined by dividing the cultivar shoot population
mean reductions in the inoculated treatment without desiccation, the desiccation
without inoculation treatment, and the inoculation with desiccation treatment (both)
by the corresponding cultivar mean from the noninoculated/no desiccation treatment.
Values are means for shoot population reduction in each of two experiments with the
experiments considered as blocks. Means followed by different letters within a
column were different at P — 0.05.
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spring shoot population reductions ranging from 51-84% among seven cultivars. The
shoot population reductions for CP 73-351 and LCP 85-384 were less than that observed
for LCP 82-89. Desiccation and inoculation had a synergistic effect on spring shoot
population reduction in six of the seven cultivars.
DISCUSSION
Red rot severity, assessed as the number of nodes beyond which rot symptoms
extended, number of nodes rotted, intemode rot severity, and a rot severity index, was
increased in stalks of five sugarcane cultivars by stalk desiccation in experiments
conducted under controlled conditions. Field experiment results demonstrated that stalk
desiccation occurring during the fall at the beginning of bud germination and growth of
vegetatively propagated stalks can increase the detrimental effect of red rot on shoot
population the following spring. Without desiccation, disease did not adversely affect
spring shoot populations of seven cultivars in two seasons. Stalk desiccation alone
resulted in shoot population reductions in some cultivars. However, the lowest shoot
population always occurred in plots where inoculated, desiccated stalks were planted.
The desiccation treatment was intended to induce drought stress in treated stalks. Red
rot incidence was observed to increase when standing cane was exposed to drought stress
(Olufolaji, 1989). However, this is the first demonstration by experimental means that
the severity of red rot of planted sugarcane could be increased by drought stress.
Stalk rot symptoms developed in sugarcane cultivars inoculated with C. falcatum
and held under controlled conditions, but reductions in spring shoot populations in plots
planted with inoculated stalks were not observed in the two field experiments. Stalk rot
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severity assessed in inoculated, planted stalks dug up from the field after varying
intervals of time is similar to the severity of symptoms observed in inoculated stalks held
under controlled conditions.

The field experiment results suggest that red rot

development in planted stalks does not always adversely affect stand establishment.
There are conflicting reports about the potential spread of disease from infected stalk
tissues into germinating buds and young shoots. Edgerton (1911) and Singh (1968)
reported that the fungus did not infect young shoots from diseased stalks. However,
several reports (Agnihotri et al., 1979; Chona, 1950) described the spread of C. falcatum
from diseased stalks into emerging shoots. Desiccation apparently can increase disease
symptom severity in sugarcane stalks.

Environmental stress conditions also may

determine the extent to which red rot affects bud germination and shoot development,
survival, and regrowth in the spring.
Visible symptoms of desiccation, including stalk shrinkage that results in
longitudinal wrinkling of the rind and internal intemode discoloration, were evident in
the ends of stalks. In preliminary experiments, conidia were introduced into intemodes
at the ends of stalks. Desiccation treatment appeared to increase disease severity, but the
discoloration associated with desiccation interfered with disease assessment. The effects
of stalk desiccation on disease severity could be greater in the ends of stalks, but disease
was increased even in the center portions of inoculated, desiccated stalks.
In summary, desiccation increased disease severity in stalks of some cultivars
more than others. However, in field experiments, red rot and desiccation together had
a synergistic effect on spring shoot population reductions for all cultivars except for one
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cultivar that was very sensitive to desiccation.

The results have implications for

research efforts to control red rot and on-farm management of the disease. Breeding and
selection for host plant resistance is the most important control measure for red rot
( Abbott, 1938; Abbott et al., 1967; Edgerton, 1911; Singh and Singh, 1988; Yin et al.,
19%). All of the cultivars currently grown in Louisiana are susceptible to red rot (Yin
et al., 19%). An evaluation of the differential effects of desiccation on resistance among
different sugarcane genotypes could improve the development of resistant cultivars.
Timing farm cultural practices to avoid or minimize drought stress at and after planting
should reduce red rot severity and improve plant cane stands.
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CHAPTER IV
EFFECTS OF OXYGEN DEPRIVATION AND PYTHIUM ROOT ROT ON
SUGARCANE RED ROT*

* Reprinted with permission from Plant Disease
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INTRODUCTION
In Louisiana, sugarcane, interspecific hybrids of Saccharum L., is vegetatively
propagated by planting whole stalks during August and September. After planting, bud
germination and the development of roots from primordia at the nodes begin. Young
shoots depend on nodal roots for water and mineral salts for growth until shoot roots
develop (Julien et al., 1988). Shoot and root growth are dependent on nutrition obtained
from the intemode tissues of planted stalks. Additional factors affecting the initial
growth of young roots and shoots include injuries to the stalk, pathogens, soil
temperature and moisture, and the position of buds in the soil (Abbott, 1938; Agnihotri,
1990; Julien et al., 1988). During winter, the planted stalks and young plants are
exposed to unfavorable temperatures and possibly waterlogging or drought. Red rot,
caused by Colletotrichum falcatum Went (Abbott, 1938; Agnihotri, 1990; Chona, 1980;
Singh and Singh, 1988) and root rot, caused by Pythium arrhenomanes Drechs.,
(Edgertonet al., 1929; Hoy and Schneider, 1988; Rands and Dopp, 1938) are diseases
of potential importance.
Red rot can cause severe losses in stalk population, stalk juice quality, and yield
of sucrose (Abbott, 1938; Chona, 1980; Singh and Singh, 1988; Singh and Waraitch,
1981). The pathogen infects stalks through wounds and nodes (Chona, 1950; Singh,
1968). In Louisiana, red rot affects primarily planted stalks and adversely affects yield
by reducing shoot populations the spring following planting (Abbott, 1938). Pythium
root rot can cause significant reductions in root and shoot weight and shoot number
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(Edgerton et al., 1929; Hoy and Schneider, 1988; Rands and Dopp, 1938). Rotting of
the initial stalk roots can inhibit bud germination and initial shoot growth.
Environmental conditions affect the development of both diseases. Experimental
evidence confirmed that red rot severity is increased by the occurrence of drought
conditions at the beginning of the bud germination process (Yin and Hoy, 1997).
Observational evidence suggests that red rot is favored by excessive soil moisture and
low temperature. These factors can adversely affect sugarcane growth, but have much
less effect on the pathogen (Ahmed and Divinagracia, 1974; Singh and Singh 1988;
Singh et al., 1985; Singh and Lai, 1987). P. arrhenomanes is capable of growing and
reproducing under a broad range of temperatures, and zoospore production and dispersal
and severe disease development are favored by wet soil conditions (Flor, 1930; Van,
1957). However, the interaction between red rot, Pythium root rot, and environmental
stress due to poor drainage or waterlogging is poorly understood. Therefore, the
objective of this study was to determine the effects of oxygen deprivation or poor
drainage and Pythium root rot on red rot development and spring shoot populations of
sugarcane.
MATERIALS AND METHODS
Oxygen deprivation experiments under controlled conditions.

Five

commercial sugarcane cultivars, CP 65-357, CP 70-321, CP 72-370, LCP 82-89, and
LCP 85-384, were used. Three treatments were applied prior to inoculation with C.
falcatum: 1 or 2 weeks of oxygen deprivation and no deprivation.

After surface

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

disinfection by dipping stalks into an approximately 0.26% NaOCL solution for 30
minutes, four detached and topped stalks of each cultivar with nine nodes and no stalk
borer or mechanical injury were put into a treatment chamber made of 30-cm-diameter
polyvinylchloride (PVC) pipe, 1.83 m in length. Chambers were then sealed with
opaque plexiglass plates. Humidified nitrogen gas was passed through chambers to
create an oxygen deficit. Humidified air flow was provided in the control chamber. The
oxygen content in the treatment chamber was determined twice daily using a portable
oxygen probe (DO-166, Lazar Research Laboratories, Los Angeles, CA) and mV meter
(Model 6009, JANCO electronics LTD , San Diego, CA). A 10 cc ambient atmosphere
air sample was collected with a syringe and passed through the probe to get a current
reading value, then the process was repeated with a 10 cc air sample withdrawn from the
treatment chambers. The oxygen content in the chambers was then calculated as: (21 %
x the gas chamber reading mV value / the ambient atmosphere mV value. After 2
weeks, the chambers were opened, and stalks were inoculated with C. falcatum by
introducing 100 fA of a 3.8 x 106 spores/ml conidial suspension into a 3.2-mm-diameter
hole drilled into but not through the second intemode from each end of stalk. The
inoculated stalks were then incubated for another 6 weeks in the chambers with
humidified air flow.
Red rot development was determined at the end of the experiment. Disease
severity was assessed as: (i) total number of nodes beyond which intemode rot symptoms
were evident (nodes passed) toward the center from both inoculation points; (ii) the
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number of nodes rotted in the assessed area; and (iii) intemode rot severity (IRS) in the
inoculated intemodes and intemodes toward the center from both inoculation points.
Intemode rot severity was evaluated by visually rating the portion of tissue exhibiting red
discoloration in each intemode. Ratings were made on the following 1-6 scale: 1 =
10% or less discolored tissue, 2 = 11-25%, 3 = 26-50%, 4 = 51-75%, 5 = 76-90%,
and 6 = greater than 90% discolored tissue. Intemode rot severity was then determined
as an average of the seven intemodes assessed. An aggregate disease trait, rot severity
index (RI), combining the traits describing the extent of intemode rotting and disease
spread, was calculated as RI = IRS x nodes passed. The experiment was conducted
twice. To confirm symptoms resulted from C. falcatum was reisolated.
Field experiments. Two experiments were conducted at the Sugar Research
Station of the Louisiana Agricultural Experiment Station at St. Gabriel, LA using three
cultivars, CP 65-357, CP 72-370, and LCP 82-89. Detached and topped mature stalks
with nine nodes and no stalk borer or mechanical injury were divided into two groups
for each cultivar. One group was inoculated as described previously once in the center
intemode, and the other group was drilled but not inoculated. Half of the inoculated and
noninoculated stalks were planted under poor field drainage conditions and the other half
was planted under normal drainage conditions. Poor drainage was created by placing
earth dams in the drainage furrows between plots. A split plot design with three
replicates was used where the main plots were poor and normal drainage. Inoculated and
noninoculated stalks of each cultivar were randomly planted in main plots in single-rows,
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7.66 m in length.

Six stalks per plot were planted during fall, 1994 and 1995.

Development of red rot symptoms was checked monthly by sampling stalks from each
treatment.
To test whether Pythium root rot affected the relationship between red rot and
spring shoot population, application of the oomycete-selective fungicide, metalaxyl, was
added as a treatment. The three cultivars and experimental design were the same as
described above. Metalaxyl was applied at a rate of 216 tA ai (Ridomil 2E, Novartis,
Greensboro, NC) in 4 liters of water to the soil surface of each plot in both main plots
at the beginning of the experiment, then 1 and 2 mo after planting. The planting furrow
was still open at the time of first application. The experiment was conducted twice.
Gas samplers, from which soil atmospheric gas can be collected, were
constructed by attaching a sintered bronze cup to a 15 cm length of 2.45-cm-diameter
pipe with a sampling tap at the top (Dowdell et al., 1972). Samplers were buried in
elevated planting rows at two depths from the row top surface. At each site, one was
placed at the planting depth of the stalks (10-13 cm), and the other was approximately
7 cm below. Eight samplers in total were placed in each main plot (drainage type). Soil
atmospheric oxygen was monitored weekly using the portable oxygen probe and mV
meter. A 10 cc ambient atmosphere air sample was collected with a syringe and passed
through the probe to get a current reading value, then the process was repeated with a
10 cc air sample withdrawn from the samplers. The soil atmosphere oxygen was then
calculated as described previously. Rainfall data were provided from a rain gauge
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monitored daily at the Sugar Research Station. The number of shoots in each plot was
counted in April during the spring following planting.
Pythium root rot and red rot greenhouse experiments. Two experiments were
conducted in the greenhouse with two cultivars, CP 65-357 and LCP 82-89. Mature
stalks without stalk borer or mechanical injury were hand-cut. After dipping into an
approximately 0.26% NaOCl solution for 30 min, stalks were cut into two pieces with
four or five nodes each. Four treatments consisted of: (i) noninoculated stalk sections
planted into a steam-treated (overnight) silt loam soil:sand mixture (1:1, v/v); (ii) C.
falcatum inoculated stalk sections planted into steam-treated soil:sand mixture; (iii)
noninoculated stalk sections planted into steam-treated soil:sand mixture containing P.
arrhenomanes inoculum; and (iv) C. falcatum inoculated stalk sections planted into
steam-treated soil:sand mixture containing P. arrhenomanes.
Inoculation with C. falcatum was as described above. Twenty-four stalk sections
containing three to four nodes from 12 stalks were inoculated for each cultivar in a
center intemode. Another set of sections from 12 stalks was drilled but not inoculated
with C. falcatum. The Pythium inoculum was prepared by a modification of a method
described previously (Wilcox and Mircetich, 1985) in which 450 cc of vermiculite and
20 ml of whole oat seeds with 300 ml of V-8 juice preparation (200 ml of V-8 juice, 800
ml of water, and 2 g CaC03) in a 1 liter Mason jar was autoclaved twice in 48 hours.
Each jar was inoculated with agar disks from a P. arrhenomanes culture. The substrate
was colonized for 2 to3 weeks at room temperature. Inoculum was placed in cheese
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cloth, thoroughly rinsed with water, and excess water was squeezed out.

P.

arrhenomanes inoculum (180 g) was then mixed into individual metal trays (50 x 35 x
9 cm) of soil:sand mixture.
Four stalk sections (two from each of two stalks) were planted per tray, so that
three trays contained a total of six stalks of each cultivar per treatment. Trays were
arranged on a greenhouse bench in a completely randomized design. Plants were grown
for 4 weeks in the greenhouse with air temperatures ranging between 21 and 28° C.
Plant growth and red rot and root rot severity were evaluated after 4 weeks. All
stalk sections with attached shoots and roots were gently washed free of soil.
Measurements taken for each stalk section included number of live buds or shoots,
number of dead buds, total shoot dry weight and total root dry weight. The percentage
of dead buds was calculated from the live and dead bud data. In addition, the root system
of each stalk section was evaluated by subjective visual rating for root discoloration
caused by Pythium root rot. Visual ratings were made on a scale of 1-6 in which: 1 =
less than 10% of the root system discolored, 2 = 11-25%, 3 = 26-50%, 4 = 51-75%,
5 = 76-90%, and 6 = 91-100% root discoloration. Rotting of internal intemode tissue
caused by C. falcatum was assessed by splitting the stalk section longitudinally.
Intemode rot severity was evaluated by visually rating the portion of tissue exhibiting red
discoloration in each intemode as described previously.
Statistical analyses. Data were analyzed by using the general linear model
procedures of the Statistical Analysis System, Version 6.12 (SAS Institute Inc., Cary,
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NC). Data from the repeated experiments were combined and subjected to analysis of
variance with experiments as blocks.

Results of analyses for which the block

(experiment) effect was not significant are presented experiments. When no cultivar by
treatment interaction effect was detected, cultivar data were combined to analyze
treatment effects. Ratings data for internode rot severity and root discoloration were
converted to the percentage midpoint for the appropriate interval and then transformed
to arcsin square root values before statistical analysis. Dead bud percentages also were
transformed before analysis. Total shoot and nodal root dry weights were converted into
individual shoot dry weight and root dry weight per node based on the number of nodes
of each stalk section. Differences among treatment means were determined by using
Fisher’s Least Significant Difference test at the 5% level of probability. Data from
oxygen samplers were transformed, and the results from normal and poor drainage plots
were compared by a paired t test for each sampling depth during 1993 and 1994 and
1994 and 1995.
RESULTS
Effect of oxygen deprivation on red rot development under controlled
conditions. Oxygen deprivation prior to inoculation for 1 or 2 weeks did not increase
red rot severity assessed as number of nodes beyond which symptoms had progressed,
number of nodes rotted, intemode rot severity, and rot index (Table 14).
Field experiments. Decreases in soil atmospheric oxygen content detected with
samplers placed at the 17-20 cm depth within the planting row were associated with the

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE 14. Red rot development in stalks of five cultivars combined with and
without oxygen deprivation prior to inoculation_________________________
Disease traits”
Treatment*

NP

NR

IRS (%)

RI

NoOD

3.5 a

3.0 a

52 a

196 a

1 wk OD

3.6 a

3.2 a

49 a

191 a

2 wk OD
179 a
3.5 a
3.1 a
49 a
* No OD = no oxygen deprivation; 1 week OD = stalks exposed to oxygen
deprivation for 1 week before inoculation; and 2 weeks OD = stalks exposed to
oxygen deprivation for 2 weeks before inoculation.
bNP = nodes passed: the total number of nodes beyond which internal intemode rot
symptoms extended from the inoculation points in the second intemodes from each
stalk end; NR = nodes rotted: the total number of nodes with rot symptoms; IRS =
intemode rot severity: the mean percent discoloration of eight total intemodes; and RI
= rot index: IRS x NP. Values are means from two experiments combined. Means
within a column followed by the same letter were not significantly different (P =
0.05) as determined by Fisher’s Protected Least Significant Difference test.
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occurrence of rainfall during two fall and winter periods (Fig. 1 A and B). Rainfall
patterns and decreases in soil oxygen varied during the two periods of the study. Soil
oxygen was generally lower in poorly drained plots during 1993 to 1994 and 1994 to
1995. Only minor reductions in oxygen content were detected with samplers placed at
the planting depth of stalks (10-13 cm). However, oxygen content was lower in the
poorly drained plots during 1994 to 1995. The means for normal and poor drainage
plots during this period were 20.6 ± 0.2% (standard error) and 18.5 ± 0.5%,
respectively.
The results were similar in both experiments for each of three cultivars, so the
data were combined. The highest spring shoot population was obtained from planted
stalks without inoculation with C. falcatum and normal or poor field drainage conditions,
and the lowest shoot population occurred in the inoculation and poor drainage treatment
(Table 15). Poor drainage without inoculation did not result in a spring shoot reduction,
whereas inoculation with normal drainage did.
The experimental results were different when metalaxyl was applied to all
treatments (Table 16). The shoot population that developed under normal drainage
conditions was still lower when stalks were inoculated with C. falcatum. However,
when metalaxyl was applied, the population was not reduced further by the imposition
of poor drainage on C. /a/carwm-inoculated stalks.
Effects of C. falcatum and P. arrhenomanes in greenhouse experiments. C.
falcatum did not affect the development of roots from stalk nodes of the two cultivars,

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

-

14

-

12

-

10

-

—O-. Oj with normal drainage
—# — 0 2 with poor drainage
O— o-— ° — Q— O

-

21

-

18

-

15

-

21

eo
0>
£
u

ii

O.

1

I

16

-

14

-

12

-

10

-

- 18

- 15

1

3

5

7

9

11

13

15

Number of weeks after planting
Fig 1. Effects of rainfall on soil oxygen content at a 17-20 cm depth - approximately
7 cm below planted stalks in the sugarcane planting row. Oxygen levels were
determined once per week for plots with normal and poor drainage, and rainfall
amounts (bar) represent weekly totals. A. Results for 15 weeks following planting
during fall and Winter 1993/1994. B. Results for 15 weeks following planting during
Fall and Winter 1994/1995.
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Soil oxygen content (%)

16

TABLE 15. Effects of stalk inoculation with Colletotrichum falcatum and poor
drainage on spring shoot populations of three cultivars combined___________
Treatment1

Spring shoot population per plotb

NI/ND

42 a

NI/PD

35 ab

I/ND

32 b

I/PD
25 c
a NI/ND = noninoculated (NI) stalks with normal drainage (ND); NI/PD =
noninoculated stalks with poor drainage (PD); I/ND = inoculated with normal
drainage; and I/PD = inoculated with poor drainage. Stalks were planted the fall
preceding the spring when shoot populations were determined.
b Values are means from two experiments. Means within a column followed by the
same letter were not significantly different (P = 0.05) as determined by Fisher’s
Protected Least Significant Difference test.
Table 16. Effects of stalk inoculation with Colletotrichum falcatum and poor drainage
on spring shoot populations of three cultivars combined when the fungicide,
metalaxyl, was applied to all treatments__________________________________
Treatment3

Spring shoot population per plotb

NI/ND

40a

NI/PD

34 ab

I/ND

31 b

31 b
I/PD
a NI/ND = noninoculated (NI) stalks with normal drainage (ND); NI/PD =
noninoculated stalks with poor drainage (PD); I/ND = inoculated with normal
drainage; and I/PD = inoculated with poor drainage. Metalaxyl was applied to all
treatments as a soil drench at planting and 1 and 2 months after planting dining the
fall preceding the spring when shoot populations were determined.
b Values are means from two experiments. Means within a column followed by the
same letter were not significantly different (P = 0.05) as determined by Fisher’s
Protected Least Significant Difference test.
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whereas P. arrhenomanes caused root rot assessed as discoloration and reduced weight
(Table 17). The root system weight reduction was less in the combined pathogen
treatment than for the P. arrhenomanes alone treatment for CP 65-357.
Stalk inoculation with C. falcatum resulted in an increase in the weight of
developing shoots, while P. arrhenomanes decreased shoot weight, for one of two
cultivars, LCP 82-89 (Table 18). The two pathogens combined did not cause a further
decrease in shoot weight of LCP 82-89, while both together reduced the weight of CP
65-357 shoots. C. falcatum and P. arrhenomanes individually caused an increase in the
frequency of dead buds for CP 65-357, and the combination of the two pathogens caused
a higher percentage (Table 18). In contrast, neither pathogen alone nor both combined
affected the frequency of dead buds for LCP 82-89 (Table 18).
Rotting of the stalk intemode tissue was caused by C. falcatum, but not P.
arrhenomanes (Table 19). However, stalk rot was more severe when P. arrhenomanes
was combined with C. falcatum for both cultivars (Table 19).
DISCUSSION
An extensive body of observational evidence suggests excess soil moisture
contributes to severe red rot of standing and planted cane (Abbott, 1938; Agnihotri,
1990; Chona, 1980; Singh and Singh, 1988). However, experimental evidence
concerning how excess soil moisture increases red rot severity is lacking.

In the

controlled-conditions experiments, the oxygen deprivation treatments were intended to
mimic the effect of waterlogging. The results from these experiments suggest that
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TABLE 17. Effects of Colletotrichum falcatum and Pythium arrhenomanes on dry
weight and discoloration of roots developing from stalk nodes for two cultivars in two
greenhouse experiments combined_________________________________________
Root weight per node (g)b
Treatment8

CP 65-357

Root system discoloration (%)b

LCP 82-89_______CP 65-357

LCP 82-89

Control

0.61 a

0.62 a

5.0 b

5.0 b

Cf

0.63 a

0.63 a

5.0 b

5.0 b

Pa

0.28 c

0.22 b

63.0 a

52.0 a

Cf&Pa
0.49 b
0.31b
62.0 a
51.0 a
8 Control = noninoculated stalks planted in steamed soil; Cf = stalks planted in
steamed soil after inoculation with C. falcatum; Pa = stalks planted in soil with P.
arrhenomanes inoculum and without inoculation with C. falcatum-, and Cf&Pa =
stalks planted in soil with P. arrhenomanes inoculum after inoculation with C.
falcatum.
b Means in a column followed by the same letter were not different (P = 0.05) as
determined by Fisher’s Protected Least Significant Difference test.
TABLE 18. Effects of Colletotrichum falcatum and Pythium arrhenomanes on
individual shoot dry weight and the percentage of dead buds for two cultivars in two
greenhouse experiments combined________________________________________
Individual shoot weight (g)b

Percent dead budsb

CP 65-357

LCP 82-89

CP 65-357

LCP 82-89

Control

0.90 ab

0.84 b

8.3 c

13.2 a

Cf

1.13 a

1.10a

26.0 b

13.5 a

Pa

0.75 be

0.55 c

29.5 b

19.8 a

Treatment8

0.52 c
45.5 a
0.64 c
14.2 a
Cf&Pa
8 Control = noninoculated stalks planted in steamed soil; Cf = stalks planted in
steamed soil after inoculation with C. falcatum-, Pa = stalks planted in soil with P.
arrhenomanes inoculum and without inoculation with C. falcatum-, and Cf&Pa =
stalks planted in soil with P. arrhenomanes inoculum after inoculation with C.
falcatum.
b Means in a column followed by the same letter were not different (P = 0.05) as
determined by Fisher’s Protected Least Significant Difference test.
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TABLE 19. Effects of Colletotrichum falcatum and Pythium arrhenomanes on
intemode rot severity in stalks of two cultivars in two greenhouse experiments
combined
Intemode rot severity (%)b
Treatment*

CP 65-357

LCP 82-89

3.9 c

2.0 c

Cf

28.5 b

14.3 b

Pa

4.5 c

7.1 c

Control

38.8 a
26.9 a
Cf&Pa
a Control = noninoculated stalks planted in steamed soil; Cf = stalks planted in
steamed soil after inoculation with C. falcatum; Pa = stalks planted in soil with P.
arrhenomanes inoculum and without inoculation with C. falcatum; and Cf&Pa =
stalks planted in soil with P. arrhenomanes inoculum after inoculation with C.
falcatum.
b Intemode rot severity is the mean percent discoloration for internodes in a three or
four intemode stalk section. Means in a column followed by the same letter were not
different (P = 0.05) as determined by Fisher’s Protected Least Significant Difference
test.
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oxygen deprivation does not predispose planted sugarcane to increased red rot severity.
In field experiments, poor drainage conditions resulted in greater spring shoot population
reductions for stalks inoculated with C. falcatum, but only minor reductions in soil
oxygen content were detected in the zone of the elevated rows in which stalks were
located. The effects of temporary periods of reduced soil atmospheric oxygen on
sugarcane growth are unknown. Persistent waterlogging was not detected even in the
root zone below planted stalks. In this study, spring shoot populations were not
significantly reduced when noninoculated stalks were exposed to poor drainage.
Previous research documented the importance of Pythium root rot in sugarcane
(Edgerton et al., 1929; Hoy and Schneider, 1988; Rands and Dopp, 1938). In addition,
an association between increased Pythium root rot severity and excess soil moisture was
demonstrated experimentally (Flor, 1938; Van der Zwet, 1937). These findings suggest
the effect of soil moisture on red rot could be due to an indirect effect on root rot
severity.

The effect of Pythium root rot on the severity of red rot has not been

investigated previously. However it was shown that bud germination and the growth of
shoots was retarded when roots developing from nodes of planted stalks were destroyed
by root rot (Rands and Dopp, 1938).
The greenhouse experiment results confirmed that Pythium root rot reduces the
root system developing from stalk nodes and growth of shoots.

In addition, the

combination of both pathogens can result in an increase in red rot stalk symptom
severity. The field experiment results also suggest the involvement of both red rot and
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root rot in shoot population reductions. Decreases in shoot populations resulting from
C. falcatum inoculation with poor drainage were additive. However, when metalaxyl
was applied, this additive decrease was alleviated. Root rot infection by Pythium and
root rot severity were not determined in the field experiments. However, the control of
Pythium root rot in sugarcane with metalaxyl has been shown previously (Hoy and
Schneider, 1988).
Red rot symptom severity varied among cultivars in the controlled conditions,
field, and greenhouse experiments. However, the treatment effects were similar across
cultivars, except in the greenhouse experiments. CP 65-357 exhibited more severe
disease development than LCP 82-89 in all experiments; and in the greenhouse
experiments, the combination of red rot and root rot resulted in an increase in the
percentage of dead buds in CP 65-357. The dead bud percentage for LCP 82-89 was
unaffected by pathogen treatments, and shoot weight was actually greater for stalks
inoculated with C. falcatum. The explanation for this increase in shoot growth rate is
unknown.
In summary, oxygen deprivation does not predispose stalks to increased stalk red
rot severity.

Furthermore, the sugarcane cultivation practice of planting stalks in

elevated rows minimizes the occurrence of waterlogging. The metalaxyl treatment
results suggest the factor responsible for the additive effect of red rot and poor drainage
was an increase in Pythium root rot, and it was demonstrated in the greenhouse that
Pythium root rot can increase the severity of red rot. When considered altogether, the
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experimental evidence suggests that shoot populations developing from red rot-affected
stalks under poor drainage conditions can be reduced by the combined effects of red rot
and Pythium root rot.

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER V
CONCLUSIONS
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CONCLUSIONS
Sugarcane is one of the most valuable crops in Louisiana with a gross farm value
during 1998 of $307 million and total value including value-added of $503 million
(Anon. 1999). Yield losses due to diseases occur every year. Red rot is one of the
important diseases affecting the sugarcane industry. Serious losses due to red rot come
from rotting of planted stalks and the reduction of stands. Good stands are usually
obtained during normal years due to cultural control practices involving a high planting
rate of whole stalks. However, if unfavorable environmental conditions occur, severe
red rot can still develop. The cost of fallowing and planting is approximately one quarter
of the total costs of production in a four-year-crop-cycle (Champagne and Salassi,
1996). Therefore, a stand failure necessitating replanting represents a serious economic
loss.
World-wide the use of cultivar resistance is considered the most effective and
practical red rot control method.

However, the factors that contribute to disease

resistance are not well understood. A thorough resistance inheritance study has not been
conducted previously. The information on heritability of resistance to red rot and
potential for genetic gain through selection will help to determine the most appropriate
breeding strategies to develop resistant cultivars in Louisiana sugarcane breeding
program.
Results of evaluation of resistance to red rot indicated that variation exists in the
current Louisiana sugarcane breeding and selection populations. However, few clones
showed consistent resistance to red rot. Therefore, we conclude that high levels of
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resistance are rare in the current parent population, and new sources of resistance need
to be identified.
Estimates for narrow-sense heritability and genetic gain results suggest that the
disease index, which combines aspects of degree of spread and extent of rotting, provides
the best evaluation of red rot resistance and that resistance can be increased by recurrent
mass selection based on the rot index. However, the broad-sense heritability estimates
indicate that red rot resistant was not repeatable across years. Therefore, single year
evaluation of resistance is not reliable.
The experimental results suggest that red rot resistance can be effectively
improved by determining and making the crosses among the most resistant parents, then
focusing on selection on progeny within those crosses. However, the low repeatability
of clone reactions to red rot resistance suggest that effort should be devoted to accurately
determining parent resistance reactions among agronomically desirable parents and
making appropriate crosses rather then large-scale evaluation of red rot resistance in
progeny populations.
An understanding of the relationships between different types of stress and
sugarcane red rot severity should result in improvement of cultural practices that will
reduce red rot severity. Stalk desiccation and inoculation results demonstrated that red
rot severity can be increased by drought during the initial growth process of vegetatively
propagated sugarcane stalks. The results suggest that timing farm cultural practices to
avoid or minimize drought stress at or after planting should reduce red rot severity and
improve plant cane stands. The results from oxygen deprivation and C. falcatum
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inoculation tests suggest that oxygen deprivation does not predispose planted sugarcane
to increased red rot severity. When inoculated stalks were planted under poor drainage
conditions, spring shoot population reductions were greater, although only minor
reductions in soil oxygen content were detected in the zone of the elevated rows in which
stalks were located. However, the effect of poor drainage on shoot population reduction
was alleviated when metalaxyl was applied suggesting Pythium root rot also might be
involved in stand reductions.
The greenhouse experiment results confirmed that Pythium root rot reduces the
root system developing from nodes and growth of shoots. The combination of P.
arrhenomanes and C. falcatum inoculation resulted in increased in dead bud percentage
and severity of red rot. The results suggest that spring shoot population reductions
associated with excess soil moisture are affected by the combined effects of red rot and
Pythium root rot.
Some possible future research objectives are:
1.

To identify and utilize new sources of red rot resistance in the basic germplasm

collection;
2.

To refine red rot resistance evaluation techniques;

3.

To investigate possible methods to select red rot resistance under stress

conditions;
4.

To study the relationship between red rot resistance and other economic traits in

sugarcane to improve selection efficiency;
5.

To study the effect of rot resistance on billet planting;
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6.

To monitor possible changes in the pathogenicity of C. falcatum;

7.

To study alternative red rot control methods, including cultural, chemical, and

biological control.
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